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We present two methods for efficient detection of chiral molecules based on sequences of single
pulses and Raman pulse pairs. The chiral molecules are modelled by a closed-loop three-state system
with different signs in one of the couplings for the two enantiomers. One method uses a sequence
of three interaction steps: a single pulse, a Raman pulse, and another single pulse. The other
method uses a sequence of only two interaction steps: a Raman pulse, and a single pulse. The
second method is simpler and faster but requires a more sophisticated Raman pulse than the first
one. Both techniques allow for straightforward generalizations by replacing the single and Raman
pulses with composite pulse sequences. The latter achieve very high signal contrast and far greater
robustness to experimental errors than by using single pulses. We demonstrate that both constant-
rotation (i.e., with phase compensation) and variable-rotation (i.e., with phase distortion) composite
pulses can be used, the former being more accurate and the latter being simpler and faster.
I. INTRODUCTION
In physics, symmetry (and asymmetry) is vital to un-
derstanding and predicting the phenomena in the sur-
rounding world. Symmetry has always played an impor-
tant role in the description of how our universe works,
but it has become quintessential after the formulation
and proof of Emmy Noether’s theorem [1], which pro-
vides the link between symmetry and conservation laws.
As a special type of asymmetry, chirality is of crucial sig-
nificance in many branches of contemporary science, e.g.
in chemistry, biotechnologies, and pharmaceutics. A chi-
ral molecule, also called an enantiomer, is one that can-
not be superimposed on its mirror image by translation
and rotation. Such molecule pairs have identical physi-
cal properties, neglecting the small differences due to the
electroweak interaction [2]. Nevertheless, the chemical
properties of the two enantiomers may be entirely differ-
ent. This is essential in pharmaceutics, where the chiral
purity of a particular substance may be crucial to the
drug efficiency.
Traditionally, enantiomer detection and separation is
based on slow, complicated, and expensive chemical tech-
niques, such as crystallization, derivatization, kinetic res-
olution, and chiral chromatography [3]. Alternatively,
one may use chiroptical spectroscopy to break the sym-
metry of the enantiomers by interaction with circularly
polarized light [4]. Some prevalent chiroptical methods
are optical rotary dispersion [4], circular dichroism [5],
vibrational circular dichroism [6, 7], and Raman opti-
cal activity [6, 8]. These methods rely on the magnetic-
dipole interaction between the circularly polarized light
and the molecules. Furthermore, methods based on lin-
early polarized light have been developed, using the much
stronger electric-dipole interaction [9]. These methods
make use of the sign difference of some of the transition
dipole moments of the two enantiomers, which is then
mapped onto population differences by using quantum
systems with three or four states driven in closed-loop in-
teraction schemes, thereby creating interferometric link-
ages. Another approach has been developed by Shapiro
and co-workers [10], who used concepts from adiabatic
passage methods [11] to detect and separate enantiomers.
Finally, rotational spectroscopy has been used to develop
methods, such as microwave three-wave mixing (M3WM)
[12–14] for chiral analysis in gas-phase samples.
Over the last few years there is a growing interest on
the topic. Some remarkable results are the determination
of enantiomeric excess, based on chirality-dependent AC
Stark effects [15, 16], a theory on the enantiomeric sepa-
ration in the presence of spatial degeneracy [17, 18] and a
detailed study of the enantioselective three-wave mixing
spectroscopy, where it was shown, by using group theo-
retical arguments, that three mutually orthogonal polar-
izations are needed to achieve chiral resolution [19, 20].
Also, a simple and fast method for chiral resolution,
based on shortcuts to adiabaticity [21], has been pro-
posed [22].
Recently, we developed a method for optical detection
of chiral molecules, based on simple sequences of reso-
nant pulses [23]. These allowed for a robust and high-
fidelity optimization using composite pulses (CPs). A CP
is a sequence of pulses with appropriately chosen relative
phases. These phases are used as control parameters to
shape the excitation profile in a desired fashion. In such
a way one can produce broadband, narrowband and pass-
band profiles, robust coherent superpositions, optimized
adiabatic techniques, high-fidelity quantum gates, etc.
In the current work, we develop this approach further,
by using Raman pulses in addition to the pulses directly
coupling a single transition. Raman pulses have been
used before for chiral resolution, e.g. in [14], where they
are applied on resonance, or in [24], where they are ap-
plied off-resonance in order to adiabatically eliminate the
upper state. Our focus now is to use resonant Raman
pulses, which allow to benefit from the powerful tech-
nique of composite pulses, in order to achieve efficient
and robust chirality-dependent population transfer.
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FIG. 1: Coupling schemes for molecules with left and right
handedness.
To this end, we model the chiral molecules as a delta-
type system, where one of the three couplings, marked as
P, S,Q, differs in sign in the two enantiomers, see Fig. 1.
In Sec. II we explain our method and show how it can
map this sign difference onto population transfer to dif-
ferent states. We also discuss in details the specific pulse
sequences, which can be used for the population trans-
fer. In Section III we demonstrate how constant-rotation
composite pulses can be used to improve the contrast and
robustness of the method, and Sec. IV demonstrates simi-
lar features with the simpler and faster variable-rotation
composite pulses. Finally, the conclusions are summa-
rized in Sec. V.
II. DESCRIPTION OF THE METHOD
We now describe our method to produce chirality-
dependent population transfer, based on two types of se-
quences, both using a combination of single and Raman
pulses. We model the chiral molecules as a delta-type
system, which is illustrated by the energy level scheme in
Fig. 1. We assume that the two enantiomers differ only
by the sign of the |1〉 ↔ |3〉 coupling. The first type of
sequences consists of a single pulse, followed by a Raman
pair of pulses, followed by another single pulse. Such se-
quence has been used before, e.g. in Ref. [14]. In this
work we consider also other similar sequences, and, more
importantly, propose an optimization by using compos-
ite pulses. The second type uses a sequence of just one
Raman pulse pair and one single pulse. Here we study
these sequences in details, and then we examine how one
can optimize them by using composite pulses. In all our
derivations, we shall assume that the system is initially
in state |1〉.
A. Single-Raman-single sequence
The single-Raman-single sequence consists of three se-
quential separated interactions. The first step is to apply
a single π/2 pulse on the Q transition. This π/2 rotation
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TABLE I: Sequences of pulses and corresponding transition
probabilities for the L and R enantiomers. The numbers in
the round brackets correspond to the pulse area of the pulse of
the corresponding P , S or Q transitions, including a specific
phase, if applicable, with ξ1 =
√
2 +
√
2 and ξ2 =
√
2−
√
2.
The square brackets indicate simultaneous (Raman) pulses.
corresponds to the following propagator,
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where the ∓ sign corresponds to the L and R chiral
molecules. This transfers the system, initially in state
|1〉, to states 1√
2
(|1〉 ∓ i|3〉). In the second step we apply
a Raman interaction, which consists of two simultaneous
P and S pulses, each of area equal to π/
√
2, where the
S pulse has a phase of π/2 relative to the P pulse. The
propagator for this step is
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
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which transfers the system into states −i|2〉 and
1√
2
(|1〉+ i|3〉) for the L and R chiralities, respectively.
Finally, the third step is identical to the first one. As seen
from Eq. (1), the L-handed system stays in state −i|2〉,
while the R-handed one is transferred to state i|3〉. The
total propagator of this sequence is U = UQU[P,iS]UQ,
which, after some trivial calculations, becomes
U
(L) =


0 0 −i
−i 0 0
0 −1 0

 , U(R) =


0 −i 0
0 0 1
i 0 0

 . (3)
Therefore, chiral resolution is achieved by using this
three-steps procedure. We can write this sequence as
Q(pi2 )
[
P ( pi√
2
), iS( pi√
2
)
]
Q(pi2 ), (4)
where the pulses in the square brackets constitute the
Raman interaction. Other similar sequences with differ-
ent signs of the Q pulses, leading to chiral resolution,
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FIG. 2: Examples of sequences of two pi/2 pulses with a Ra-
man pulse in-between, leading to chiral-dependent population
transfer. The numbers pi/2 and pi/
√
2 indicate the temporal
area on the respective pulse.
are listed in Table. I (top) and illustrated in Fig. 2. In
the next subsection we describe an even simpler proce-
dure, consisting of just two steps, for achieving our goal
of chiral-dependent population transfer.
We note that we have chosen the π/2 phase shift to be
attached to the S field. However, chiral resolution can be
achieved if it is attached to one of the other two fields,
P or Q.
B. Raman-Single sequence
The Raman-single sequence is made of the following
two steps. First, we apply a Raman pulse, consisting of
two simultaneous resonant pulses on the P and S tran-
sitions, where the P pulse has an area of ξ1π, while the
S pulse has an area of ξ2π, and a relative phase of π/2.
Here ξ1 =
√
2 +
√
2 and ξ2 =
√
2−√2. The propagator
for this step is
U[P,iS] =


−1√
2
0 −i√
2
0 −1 0
i√
2
0 1√
2

 , (5)
and therefore, the system, which initially was in state
|1〉, is now transferred to state −1√
2
(|1〉− i|3〉). During the
second step we apply a single π/2-pulse on the Q tran-
sition. The propagator for this step is given by Eq. (1),
which, as can be easily calculated, transfers the system
into i|3〉 for the L chirality and −|1〉 for the R chirality.
Explicitly, the final propagators are
U
(L) =


0 0 −i
0 −1 0
i 0 0

 , U(R) =


−1 0 0
0 −1 0
0 0 1

 . (6)
Hence, we can achieve chiral resolution of the two enan-
tiomers by a sequence of only one Raman pulse and one
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FIG. 3: Examples of sequences of a Raman pulse and a pi/2
resonant pulse after it, leading to chiral-dependent population
transfer. The Q pulse has a temporal area of pi/2. On the
left, the P pulse has an area of ξ1pi, while the S pulse has an
area of ξ2pi, and a relative phase of pi/2, with ξ1 =
√
2 +
√
2
and ξ2 =
√
2−
√
2. On the right, the P pulse has an area of
ξ2pi, while the S pulse has an area of ξ1pi, still with a relative
phase of pi/2.
single pulse. A similar sequence, where the pulse areas
of the P and S pulses are interchanged, can also be used.
These are schematically illustrated in Fig. 3, and the re-
sulting population transfer is shown in Table I (bottom).
In the next section, we describe how we can use com-
posite pulses to improve the described procedures and
achieve very high efficiency and robustness to experimen-
tal errors.
III. OPTIMIZATION BY COMPOSITE PULSES
A. Composite single-Raman-single sequences
We now show how our approach can be made robust
to errors by replacing the single and Raman pulses with
composite sequences. First, we study the single-Raman-
single method. To be specific, we look at the sequence
(4), consisting of two single Q pulses and a Raman [P, iS]
pulse in-between.
There are generally two types of CPs. The first type
are the so-called variable rotations, for which the mod-
uli of the propagator elements (i.e. the square roots of
probabilities) are robust to errors in the experimental
parameters but the phases of the propagator are not. In
the second type of CPs, which are called constant rota-
tions, both the moduli and the phases of the propagator
elements are robust to errors. Clearly, we need to use
the second type for our method in order to obtain robust
excitation profiles with high fidelity because the precise
phase relations are essential for its operation.
The shortest CP which offers constant π/2 rotation
that can replace the Q(pi2 ) pulse is
A′φ1Bφ2A
′
φ1 , (7)
where A′ = 0.6399π(1 + ǫ), B = π(1 + ǫ) is a nom-
inal π-pulse, and the pulse phases are φ1 = 1.6558π,
φ2 = 0.4413π. This CP compensates pulse area errors
up to order O(ǫ) and has a total nominal pulse area of
about 2.28π. Here we have introduced the dimensionless
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FIG. 4: Population P2 vs pulse area deviation for the single-
Raman-single sequence (top left frame) and when the constant
pi/2 rotations from Eq. (10) are used to replace the single and
Raman pulses. In frames CP1, CP2, and CP3 we have used
the CPs (7), (8), and (9), respectively.
parameter ǫ, which is used in this work as a measure of
the deviation from the perfect value of the corresponding
pulse area.
Another symmetric constant-rotation π/2 CP is
A′′φ1Bφ2Bφ3Bφ2A
′′
φ1 , (8)
where A′′ = 0.45π(1 + ǫ), φ1 = 1.4494π, φ2 = 0.0106π,
φ3 = 0.8179π. It has a larger total nominal area
of 3.9π but provides second-order error compensation
O(ǫ2). The third example is the famous asymmetric BB1
sequence of Wimperis [25],
A0BχB3χB3χBχ, (9)
where A = π(1 + ǫ)/2 is a nominal π/2-pulse, and χ =
arccos(−1/8) ≈ 0.5399π. It has a total area of 4.5π and
offers second-order error compensation O(ǫ2).
The P and S pulses in the Raman interaction should
also be replaced by a composite sequence, which is a more
demanding task because CPs have been developed pri-
marily for two-state systems. Nevertheless, CPs in mul-
tistate systems have been studied in the literature, and
here we shall make use of the results obtained in [26, 27].
Namely, by using the Majorana decomposition [28] we
map the initial three-state configuration to a much sim-
pler two-state system. By applying this approach, it is
straightforward to substitute the single pulses with CPs
and use the standard theory of two-state CPs [26, 27].
We can again use one of the constant π/2 rotations (7),
(8), or (9), to produce a composite Raman π/
√
2 pulse,
where the P and S pulses in the Raman interaction[
P ( pi√
2
), iS( pi√
2
)
]
should be replaced with one of the fol-
lowing sequences,
ξπ/2→ (ξA′)φ1 (ξπ)φ2 (ξA′)φ1 , (10a)
ξπ/2→ (ξA′′)φ1 (ξπ)φ2 (ξπ)φ3 (ξπ)φ2 (ξA′′)φ1 , (10b)
ξπ/2→ (ξπ/2)0 (ξπ)χ (ξπ)3χ (ξπ)3χ (ξπ)χ , (10c)
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FIG. 5: Population P3 vs pulse area deviation for the
Raman-single sequence (top left frame) and when composite
sequences are used to replace the single pulse and the Ra-
man pulse. The Raman pulse is replaced with the CP from
Eq. (12a), as shown in Eq. (13), while the single Q(pi/2) pulse
is replaced with the CPs (7), (8), and (9) (frames CP1, CP2,
and CP3, respectively).
with ξ =
√
2, corresponding to the CP sequences (7), (8),
and (9).
The performance of the method is illustrated in Fig. 4,
where we plot the population of state |2〉 as a function
of the pulse area error. The implementation with single
pulses (top left) achieves chiral resolution in a narrow
range around zero error (ǫ = 0). Using composite pulses
broaden this range considerably, even the shortest CP
(top right) of Eq. (7). The longer five-pulse sequences of
Eqs. (8) and (9) further broaden the high-contrast range.
In such a way, we obtain high-contrast chiral separation
of the L and R molecules, which is very robust to experi-
mental imperfections in the pulse area, which may derive
from intensity fluctuations or improper pulse duration.
B. Composite Raman-single sequences
Now we consider the Raman-single method and, to be
specific, we study the sequence
[P (ξ1π), iS(ξ2π)]Q(
pi
2 ). (11)
In order to replace the Raman pulses with composite se-
quences, in the case when the P and S pulses have dif-
ferent pulse areas, one can use the Morris-Shore (MS)
transformation [29]. It has been shown in ref. [27] that
a Raman interaction with pulse areas of Ap = ξ1π and
As = ξ2π translates into a 2π pulse in the MS basis. Fur-
thermore, a common phase shift in the pump and Stokes
Rabi frequencies in the original basis maps to the same
phase shift in Ω in the MS basis [26, 27]. Hence, we
can use the phases for a composite 2π pulse (constant-
rotation) in order to produce a robust Raman coupling.
5For example, two such CPs are [30]
B0B2pi/3C0B2pi/3B0, (12a)
B0B2pi/5B6pi/5B2pi/5C0B2pi/5B6pi/5B2pi/5B0, (12b)
where C = 2π(1 + ǫ) is a nominal 2π pulse. Therefore,
we replace the P and S fields from the Raman coupling
in the sequence (11) with CPs having phases, taken from
Eq. (12a). Explicitly, we have
ξ1,2π → (ξ1,2π/2)0 (ξ1,2π/2)2pi/3 (ξ1,2π)0
(ξ1,2π/2)2pi/3 (ξ1,2π/2)0 . (13)
Finally, the π/2 Q pulse is replaced with one of the con-
stant π/2 rotations of Eqs. (7), (8), or (9), as we did in
the single-Raman-single case.
The excitation profiles for the CP implementation of
the Raman-single scenario is compared with the single-
pulse case in Fig. 5. As in the single-Raman-single ap-
proach in Fig. 4, the single-pulse implementation is again
sensitive to pulse area errors and works well only for zero
errors, ǫ = 0 (top left). The robustness of the method
is greatly improved by using composite pulses. Even the
shortest three-pulse CP of Eq. (7) delivers a significant
enhancement in contrast and error range, and the five-
pulse CPs of Eqs (8) and (9) offer further improvement.
IV. IMPLEMENTATION WITH
VARIABLE-ROTATION COMPOSITE
SEQUENCES
Up to now, we have shown how to replace the single
and Raman pulses with constant composite rotations in
order to achieve chiral resolution with high fidelity and
robustness. However, if we are not aiming for ultra-high
fidelity, it turns out that we can also use variable-rotation
CPs. Composite variable rotations are shorter, and hence
faster, than constant rotations, which is important if de-
coherence is present on the time scales of the process.
For instance, in the sequence (4) we can replace the
constituent pulses with the variable-rotation π/2 CP [31]
(A)−pi/2(B)pi/4(A)pi/2, (14)
instead of using the constant-rotation CPs. By exploit-
ing the symmetry of the underlying propagators, it can
be shown that this CP can also lead to robust chiral res-
olution, despite the fact that it is of the variable-rotation
type. To demonstrate this, we can approximate the prop-
agator for the π/2 Q pulse as
UQ ≈


eiα√
2
0 ±e
iβ√
2
0 1 0
∓e−iβ√
2
0 e
−iα√
2

 , (15)
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FIG. 6: Population P2 vs pulse area deviation for the
single-Raman-single sequence (top frame) and when variable-
rotation CPs (14) are used to replace the single pulses (bottom
frame).
and for the Raman [P, S] pulse as
U[P,iS] ≈


eiγ1
2
eiγ4√
2
e−iγ3
2
eiγ2√
2
0 −ie
−iγ2√
2
eiγ3
2
ie−iγ4√
2
e−iγ1
2

 , (16)
where the phases α, β and γi (i = 1, . . . , 4) are param-
eters which reflect the symmetry properties of the cor-
responding propagators. By taking the product U =
UQU[P,iS]UQ, after some simple algebra we obtain
U21 =
1
2
e−i(γ2+β)
[±i+ e2γ2+α+β] . (17)
Hence, we find that if the condition
2γ2 + α+ β = π/2 (mod 2π) (18)
is fulfilled, chiral resolution is obtained. It can be shown
that by using the CP sequence (14), this condition can be
approximately fulfilled over a wide region of pulse area
deviation ǫ. For this purpose, we need to pay attention
to the order of the pulses. Namely, we need to apply the
CP in the same order as in (14) when substituting the Q
pulses, and in reverse order when substituting the P and
S pulses in the [P, iS] Raman interaction.
In Fig. 6 we illustrate the population transfer when this
variable-rotation CP is used. As seen from the figure, the
fidelity is not as high as when constant-rotation CPs are
used (Figs. 4 and 5), but we are using smaller pulse areas
and still have much better results than with single pulses.
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FIG. 7: Population P3 vs pulse area deviation for the Raman-
single sequence (top frame) and when the variable-rotation
CP (14) is used to replace the single Q pulse and the CP
(12a) is used to replace the P and S pulses in the Raman
[P, iS] interaction (bottom frame).
Similar arguments can be used also for the Raman-
single case, where we can substitute the Q pulse with the
CP (14) (in reversed order) instead of using constant-
rotation CPs. The performance of this scenario is shown
in Fig. 7. We can see from the figure that the fidelity of
this method is much greater than for the single-Raman-
single case and is even comparable to the constant-
rotation approach.
V. CONCLUSIONS
In this paper we developed two methods for robust
high-contrast chirality-dependent population transfer in
chiral molecules. The methods use sequences of single
pulses and Raman pulse pairs applied to a closed-loop
three-state system, which has identical properties for
the two enantiomers except the opposite signs of one of
the couplings. The closed-loop pattern creates a phase-
sensitive interferometric linkage which allows to map the
different coupling signs onto different populations.
In one of the methods we use a sequence of three inter-
action steps: a single pulse, a Raman pulse, and another
single pulse. The other method uses only two interac-
tion steps: a Raman pulse, followed by a single pulse.
Both techniques are generalized by replacing the single
and Raman pulses with composite pulse sequences of two
types: constant and variable rotations. The composite-
pulse implementations achieve very high signal contrast
and much greater robustness to experimental errors than
single pulses. Constant rotations feature phase stabil-
ity and deliver more accurate chiral resolution. Variable
rotations use simpler and shorter (i.e. faster) pulse se-
quences, which can be important if decoherence is present
on the time scale of the process.
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